This study seeks to clarify the reasons for some of the differences in the published data on chromatic motion perception, and to provide further support for the existence of a low-level motion mechanism sensitive to purely chromatic change. Observers discriminated the direction of motion of displaced sinusoidal gratings in the presence of a static grating mask (or pedestal). Each component of the stimulus was independently described in cardinal colour space and calibrated for subjective equiluminance using multiple methods. The motion structure, stimulus size, temporal frequency, contrast, relative phase and chromatic properties were all varied parametrically and the data cast in terms of predictions made by two different theoretical approaches to the test-mask combination. The vast majority of the data were well explained by a low-level motion mechanism sensitive to the motion of foveally-placed chromatic stimuli. Data consistent with either higher-level motion perception or a luminance-like signal were found outside the fovea and when the stimulus properties did not otherwise favour chromatic motion perception. There was some explanation of inconsistencies in previously published data and a strong suggestion that previous results showing pedestal-like behaviour for these stimulus combinations were a special case rather than a general result.
Introduction
Our ability to see motion in a stimulus coded purely by a change in colour, as opposed to a change in luminance, is impaired according to most psychophysical measures. Despite the greatly elevated contrast sensitivity to static chromatic change when expressed in terms of mean cone modulation (Chaparro, Stromeyer, Huang, Kronauer, & Eskew, 1993; Cropper & Derrington, 1994; Switkes & Crognale, 1999) , there is general agreement that any motion mechanism dedicated to the discrimination of chromatically-coded motion is less sensitive to the precise spatiotemporal properties of the input, and contributes less to the overall percept of motion, than does a luminance sensitive mechanism. It is, however, important to make the point that, in terms of mean Long (L) and Medium (M) cone modulation, chromatic stimuli are a more powerful motion stimulus at moderate temporal frequencies (Chaparro et al., 1993; Cropper & Derrington, 1994) . However, despite this fact, when the issue of colour and motion is couched in terms of parallel functional processing streams (Marr, 1982; Zeki, 1978) , the stated implication is that there is no simple low-level 1 motion detection process sensitive to chromatic modulation in the image and all subsequent motion perception of coloured image components is mediated by a high-level feature-sensitive mechanism (Livingstone & Hubel, 1987) . Attempts to either prove or disprove this position have been largely equivocal in their outcomes, despite claims to the contrary (Derrington, Allen, & Delicato, 2004; Lu, Lesmes, & Sperling, 1999) . This is as much due to the general difficulty of relating behavioural evidence to the underlying physiology as to any experimental deficiency. This paper is concerned with clarifying this situation, principally from an empirical viewpoint, and seeks to identify more clearly the conditions under which we would expect to find evidence of a low-level chromatic motion mechanism. Despite the repeated finding that a purely chromatic stimulus will both induce and null a motion aftereffect (Cavanagh & Favreau, 1985; Derrington & Badcock, 1985; Mullen & Baker, 1985) , a property usually considered to be confined to low-level motion mechanisms (Braddick, 1974) , there has been continued debate over the existence of a low-level mechanism sensitive to purely chromatic modulation. One method that has recently been used to try to discriminate between low-and highlevel motion extraction processes involves the addition of a static grating mask to a displaced grating test stimulus (Lu et al., 1999; Lu & Sperling, 1995 , 2001 Zaidi & DeBonet, 2000) . The idea behind this manipulation is that low and high-level motion mechanisms will signal different directions of motion in the same stimulus. A low-level mechanism is assumed to be sensitive only to moving components of the compound stimulus, and essentially ignores the static mask; a high-level feature sensitive mechanism integrates the test stimulus and mask, yielding a motion signal that is a linear sum of both components of the stimulus. One of these studies (Lu et al., 1999) , showed an effect of the static grating (or ÔpedestalÕ, in their terminology) for chromatic modulation but not for luminance modulation, which led them to conclude that there was no low-level motion mechanism sensitive to colour.
An alternative interpretation of a very similar stimulus structure is based on the theory of simultaneous masking and linear vector summation. This approach predicts that if a common mechanism is sensitive to both test and mask gratings, then the resultant motion will be the phase-dependent sum of both components, whether signalled by a low-level or high-level mechanism (Cropper & Derrington, 1996; Zemany, Stromeyer, Chaparro, & Kronauer, 1998) . These studies showed evidence for an independent chromatic motion mechanism (Cropper & Derrington, 1996) , and also a clear effect of the static grating for luminance stimuli (Zemany et al., 1998) . Interestingly, one study adopting the argument proposed by Lu and colleagues also showed clear independence of chromatic motion from luminance masking and colour motion from colour masking under some conditions (Zaidi & DeBonet, 2000) .
Both of the theoretical positions outlined above are supported by empirical data, and one of the aims of this paper is to define clearly the conditions under which each approach correctly predicts the empirical data and to investigate the implications of such data for our understanding of the underlying mechanism(s).
It is also important to achieve consistency in how motion detection mechanisms in the visual system are described. While there is consensus that the low-level mechanism is sensitive to the orientation in space-time of its input (Adelson & Bergen, 1985; van Santen & Sperling, 1985; Watson & Ahumada, 1985) this is rarely stated explicitly and is subsumed under the rubric of a Ôfirst-order motion mechanismÕ. Given that the temporal structure of any rigidly moving stimulus is first-order, regardless of the order of the spatial modulation, this term is technically incorrect. Strictly speaking, reference to the order of the stimulus is a statistical description of the spatial and temporal structure of the stimulus only, and makes no assumptions about the underlying mechanisms of detection or discrimination. This is the convention that will be adopted in this paper. Motion mechanisms sensitive to something other than the spatiotemporal orientation of the first-order input have been variously called Ôsecond-orderÕ, Ôthird-orderÕ, Ônon-linearÕ, and Ôfeature-sensitiveÕ. All fall into the category previously known as long-range (Anstis, 1980; Braddick, 1974 Braddick, , 1980 and are all termed ''high-level'' in this paper.
The purposes of this study are to show that there is a low-level motion mechanism sensitive to first-order chromatic modulation, and to identify its properties clearly and unequivocally. In order to achieve this end, a parametric study is necessary to field the disparate stimulus properties present in the contrary published data and bring them into the focus of a coherent and intuitive picture. This is a broad parametric investigation and as a result, the data presented here, in conjunction with other recent work (Cropper, 2005) , provides a far clearer picture of the state of the research area than has previously been achieved. The stimulus properties of size and spatiotemporal motion structure, the mask spatial properties and the relationship between stimulus and mask have all been suggested as critical experimental manipulations but never previously examined in a coherent cross-referenced study. The work described here rectifies this omission. In terms of the specific results, the most compelling conclusion is that the precise structural properties of the chromatic stimulus, most importantly its size, are critical in determining the result. Furthermore, these data suggest that simply disrupting the features of a moving stimulus is not sufficient to identify the internal processing hierarchy of different stimulus properties. This suggests a far more complex relationship between these stimulus properties and the underlying mechanisms of motion discrimination than have typically been assumed.
General methods

Apparatus and stimuli
All patterns were digitally generated from sinusoidal modulations of colour or luminance and were displayed to a contrast-resolution of 14-bits by the TMS30c25 DSP chip on a (Cambridge Research Systems VSG2/3) stimulus generator. The patterns were presented on a Sony GDM se2 colour monitor with a mean luminance and chromaticity of 90 cd/m 2 , CIE co-ordinates (x:0.333 y:0.377). The monitor was driven at a frame rate of 75 Hz and a line rate of 52 kHz. All patterns were calculated and combined digitally before presentation during the line-flyback time on the monitor (i.e., there was no frame or line interleaving). The voltage-to-luminance relationship of the display was measured using a photometric head (Graseby S351G) and the non-linear relationship was corrected using internal lookup tables on the VSG. The curve fitting procedure gave an R-value accounting for 0.998 of the variance. The display subtended a visual angle of 30°· 24°at the viewing distance of 0.5 m with a pixel size of 0.036°· 0.036°. A small dark fixation point was located at the centre of the display. Viewing was conducted in a semi-darkened room and was binocular with natural pupils. No head restraint was used. Observers (TB, RM, SP, SL and DA) were paid for their time and were naive of the aim of the experiment.
The test stimuli were all sinusoidal gratings; the masking stimuli were either gratings or one-dimensional noise, or both. All test stimuli and masks were one-dimensional and horizontally oriented. Their chromatic properties were described by a vector in a cardinal colour space (Derrington, Krauskopf, & Lennie, 1984; Krauskopf, Williams, & Heeley, 1982) .
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A general description of a test and mask grating pair is given by the following expression:
This expression gives the luminance, or colour, L, at spatial co-ordinate y, at time t. In this expression C t is the contrast of the test stimulus, C m is the contrast of the mask, and f is the spatial frequency of either grating (f t and f m ) in cycles per degree (1 cpd unless otherwise stated). The initial spatial phase angle of test and mask are denoted by / t and / m respectively. The test gratings were displaced during the presentation interval, whereas the mask remained at the same spatial phase throughout. In Experiment 1, the masking stimulus was a onedimensional noise mask created in a similar way to the gratings except with a 1/f spatial profile. In Experiment 6 both the grating and the 1/f noise was used as the masking stimulus. A raised-cosine temporal envelope was used to restrict all stimuli. The duration given in the results is half the width of this envelope (500 ms). The spatial configuration of the stimuli was a 20°disk, a 4°disk or a 20°/8°a nnulus, all placed centrally. These configurations allowed the effects of spatial extent and retinal eccentricity to be evaluated.
Motion sequences
Three types of motion were employed throughout the study: continuous smooth motion (limited by the 75 Hz frame rate of the display); a single 1/4 cycle jump in the middle of the presentation interval, and a five-frame motion sequence in which the stimulus motion was quantised into five frames (four jumps) during the observation interval. In the latter stimulus, the test component of the stimulus underwent a total displacement of 1 cycle (i.e., each jump was 0.25 cycles with the first and last frame being identical (Lu et al., 1999; Lu & Sperling, 2001) ).
Stimulus structure
In all of the experiments, the test grating was displaced while the grating mask remained static for the whole period (1 s). The relative starting phase of the carrier of the test stimuli and of the mask, was either in phase (0°) or in antiphase (180°) or, in some conditions, it was randomised. As discussed in the introduction, there are conflicting interpretations of this test-mask combination that generate different experimental predictions. Empirical data exist to support both views (Cropper, 2005; Cropper & Derrington, 1996; Lu et al., 1999; Lu & Sperling, 2001; Zaidi & DeBonet, 2000; Zemany et al., 1998) and, as will become clear in the data presented here, it appears that both interpretations are oversimplifications. However, for the purposes of representing the data, a test-mask interaction is shown in the plots by the two opposite-phase conditions not being 2 The spectral properties of the colour space were initially calculated from the individual monitor-phosphor outputs and the Macleod/ Boynton cone fundamentals (Macleod & Boynton, 1979 , Chromaticity diagram showing cone excitation by stimuli of equal luminance. Journal of the Optical Society of America, 69 (8), 1183-1186) correcting for the disparity between the vk curve and JuddÕs revised shortwavelength sensitivity (Wyszecki & Stiles, 1967) . The cardinal properties were then confirmed psychophysically with three of the five observers. As only L À M modulating stimuli were employed here, a photometric head was used for convenience in the day to day luminance calibration.
superimposed. The degree of masking is shown by the difference between the two plots for a given test-mask combination.
Psychophysical methods
Detection thresholds
Detection thresholds were measured in a two-alternative forced-choice detection task. A stimulus was presented in one of two intervals and the observer indicated by means of a mouse button the interval in which the stimulus had appeared. Accuracy feedback was given with an audible tone. The contrast of the stimulus was adjusted depending on the observerÕs response by a modified PEST staircase procedure (Findlay, 1978 ) that converged to a performance level of 75% correct. The contrasts of all test and mask stimuli used subsequently were scaled to the individual observersÕ detection threshold for each stimulus type alone. These are detailed in each section.
Direction discrimination thresholds
A two-alternative forced-choice direction-discrimination procedure combined with the method of constant stimuli was used to measure observersÕ ability to discriminate the direction of motion. The observer indicated by means of a mouse button the interval in which the stimulus moved upward; no feedback was given. Observers could choose to reject any interval by pressing both mouse keys simultaneously, resulting in the repetition of the trial later in the block. This rejection option was also the case for the detection threshold measurement (above). The trials were blocked into 20 presentations at each stimulus level and the data points represent at least 40 trials per point, although this constituted 80 trials in most cases.
Subjective equiluminance
The minimal perceptual flicker of a 5 Hz counterphased grating (heterochromatic flicker photometry) at a contrast of 40 times detection threshold was measured and taken as the subjective equiluminant point for each observer and each stimulus configuration. This setting was also checked regularly. The observers had to adjust the luminance angle (as specified in the colour space) until the flicker appeared minimal. The stimulus automatically refreshed to a new random luminance angle after 15 s to avoid the confounding effects of prolonged exposure and habituation. The final step size in the adjustment was 0.32°within the colour space and the mean of 10 estimates was taken for each stimulus.
To validate the method of setting of the subjective equiluminance (Lu et al., 1999; Lu & Sperling, 2001) , it was verified that the same equiluminant point was obtained using a minimum-motion measure in which the observer minimised the perceived drift of a smoothly moving chromatic grating. A quadrature-phase measure (Anstis & Cavanagh, 1983) was also used to ascertain the consistency of the estimate. All stimuli were presented at a high contrast, at least 40 times detection threshold and near the limits of the monitor gamut. This maximises any luminance artefact present in the stimulus itself and satisfies the associated argument put forward by Lu and colleagues for the utility of the quadrature phase methodology (Lu et al., 1999) . Example data is presented elsewhere (Cropper, 2005) but at the high contrast resolution (true 14-bit) used here, and in all my work, there were no significant differences in thresholds for the three methods of equiluminance judgement across a range of temporal frequencies. This finding agrees with the previously reported results (Anstis & Cavanagh, 1983; Cropper, Mullen, & Badcock, 1996; Wagner & Boynton, 1972) and supports the use of minimal flicker as the measure of subjective equiluminance.
Noise masks (Experiments 1 and 6)
Experiment 6 used both a grating mask and a one-dimensional noise mask. The noise mask was generated in the same way as the gratings and added to the waveform prior to presentation. The mask had a reciprocal relationship of amplitude to spatial frequency (1/f) and a fundamental frequency of 1cpd. The peak contrast of the fundamental was scaled to the observerÕs ability to detect the mask alone. Experiment 1 uses the noise mask instead of the grating mask. Further details may be found elsewhere (Cropper, 2005) .
Results
The parametric study described here attempted to examine every potential independent variable critical to our ability to see motion in chromatic stimuli. Not only did this require the examination of the interaction between colour and luminance but also the properties of specific test and mask combinations comprised of either colour or luminance modulation. The spatial configuration, motion structure, mask structure, mask phase, stimulus colour, stimulus contrast and temporal frequency were all varied parametrically. The full data set comprises of 64 plots per observer (two principal observers and four supplementary observers), with each plot representing 6-8 conditions. As this is too much data to present here, for the majority of conditions below only data from one observer are shown in the text. The data from the other principal observer are presented as supplementary material on the journal website. The full data set is available from the author upon request.
The results section is divided as follows. Experiment 1 links the current study to a companion paper using noise and grating masks with AM stimuli (Cropper, 2005) .
The experiment investigated the combination of an L À M grating and either luminance or L À M noise masks. Experiment 2 briefly examines the effect of changing the motion structure from a 1/4 cycle single displacement to five-frame and continuous motion for unmasked grating stimuli. Experiments 3-5 systematically investigate effects of stimulus size, temporal frequency, test to mask combination and mask phaseproperties. Finally, Experiment 6 deals with a couple of remaining issues with regard to the mask structure which must be resolved to find some agreement in the published data.
Experiment 1: Masking a single 1/4 cycle jump with noise
A significant proportion of the work outlined in the introduction used noise masks superimposed on amplitude-modulated gratings or micropatterns, which were then displaced abruptly by a fraction of their cycle, either rigidly or otherwise (Baker, Boulton, & Mullen, 1998; Cropper, 2005; Yoshizawa, Mullen, & Baker, 2000; . Experiment 1 links these results to the current study by showing grating stimuli in the presence of one-dimensional 1/f (pink) noise. The grating stimulus was displaced by one quarter of its period in the middle of the presentation interval. The noise was either static, updated once at the same time as the grating was displaced, or updated every third monitor frame (25 Hz). The mask contrast was 1.0 log unit above its (static) detection threshold and two fundamental frequencies are used (0.044 and 0.76 cpd).
Data for one observer, RM, is shown in Fig. 1 . All panels show the proportion of stimuli undergoing a 0.25 cycle upward jump that were correctly perceived as moving upward, as a function of the chromatic contrast of the grating. The top left hand panel shows data for an unmasked L À M grating (20°diameter, 1 cpd).
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The panels on the left show performance in the presence of a luminance mask, the panels on the right show performance in the presence of an L À M mask. Although the effect of the mask is moderate in all cases, there is a trend consistent with the previous work outlined in Section 1 and forming the precursor to the current study. As the test contrast is increased, the effect of the mask diminishes. The greatest masking effect tends to be found either with dynamic masks or with masks that are updated only when the grating is displaced; the static mask shows only a small effect (Cropper, 2005) . Both L À M and luminance masks affect the perceived motion approximately equally, although it is possible a slightly greater effect is obtained with the luminance mask. Furthermore, the 0.044 cpd fundamental frequency mask seems to have a slightly greater effect than the 0.76 cpd fundamental mask. Given the theoretical framework surrounding the utility of simultaneous masks, this is a surprising result because the 0.76 cpd mask will have greater energy at the same frequency as the displaced test grating. However, the result is consistent with idea that the mask has a non-specific effect on the temporal structure of the displaced test stimulus, making it harder to discriminate motion yet leaving spatial discrimination, or detection, unaffected (Cropper, 2005) .
Experiment 2: Comparing different motion structures
The other necessary data-set required to link previous work to the current study concerns the structure of the motion sequence of the stimuli. A commonly used motion sequence is a single displacement of some fraction of the test cycle, although both continuous and fiveframe sequences have also been used, and probably all intermediate sequences when one examines the wealth of data available. Although it is not necessarily the case that we would expect different sequences to give different data, some researchers have argued for motion sequences of a particular kind (Lu et al., 1999; Lu & Sperling, 1995 , 2001 . The motion structure is therefore an important variable in the context of the current study, and needs to be addressed. Fig. 2 shows data for discrimination of the direction of motion of unmasked luminance grating stimuli moved in three different sequences; 1/4 cycle jump, five-frames and continuous motion. Each of these structures is explained in detail in the methods section. Three stimulus configurations were presented at two temporal drift frequencies. There is no effect of the motion structure on the discrimination of direction in any of the stimuli. These data were replicated for an L À M grating and were consistent across all observers.
Experiment 3: The effect of stimulus size
One of the problems that have plagued the chromatic motion literature is an inconsistency in the size and configuration of the test stimulus. It has recently been shown that the inconsistent results from two opposing lines of research can be attributed to the size and location of the stimulus (Cropper, 2005) . The present experiment confirms that this is also the case for the grating test and mask combination used here. Figs. 3A-C shows the performance for observer DA for the full set of relevant experimental variables. Similar results for observer TB are shown in supplementary Figs. s1a-c.
The mask was presented in a fixed starting-phase relationship with the test: either in-phase (closed symbols) or out-of-phase (open symbols). In the five-frame and continuous motion conditions, the test stimulus drifted at 1 Hz. The proportion of stimuli judged to be moving upwards is shown plotted against the contrast of the test grating, expressed as a multiple of detection threshold. The mask grating was held at a constant contrast 1.0 log units above its own detection threshold. The effect that the mask has upon the perceived motion of the test stimulus can be ascertained by the disparity between the two plots for a given test-mask combination.
The most powerful effect of the mask is apparent in the 1/4 cycle displacement condition where the mask reverses the perceived direction of the stimulus motion with its phase inversion. This is consistent with some previous studies (Cropper, 2005; Cropper & Derrington, 1996; Zemany et al., 1998) , but at odds with others (Lu et al., 1999; Lu & Sperling, 2001; Zaidi & DeBonet, 2000) . As the test contrast increases along the x-axis, the effect of the mask is reduced. Both five-frame and continuous motion conditions exhibit similar effects. It is worth noting that in the five frame condition, there is a recovery from the effects of the mask as the test contrast increases for the Lum:Lum condition which is not as obvious for the L À M:L À M condition. This result is partially consistent with the data that suggest that a luminance grating may be immune to the effects of a similarly modulated ÔpedestalÕ whereas an L À M grating is not (Lu et al., 1999; Lu & Sperling, 2001) . The data in Fig. 3 , however, make it clear that this effect is strongly contrast dependent and suggest that taking a particular threshold estimate rather than plotting the whole psychometric function may provide a misleading result. This is examined in more detail subsequently.
The only systematic effect of stimulus size across all figures is in the L À M test and luminance mask combination. In this cross-masking condition the greatest effect of the mask is seen in the annular configuration. The least effect of the mask is in the 4°condition in all cases but one (observer DA, continuous motion, 3c). This data is consistent with previous work (Cropper, 2005) , but the effect of increasing stimulus size and, further, of removing the foveal portion is particularly clear in these plots.
Overall, the data show there is a strong masking (or pedestal) effect selectively for Lum:Lum or L À M:L À M combinations that is not systematically affected by the motion structure. The only conditions under which the stimulus spatial configuration shows a consistent effect on the data is in the L À M:Lum cross-masking condition where the maximum masking effect is found with an annulus, and the minimum effect is found with a 4°central disk, consistent with previous work examining this issue (Cropper, 2005) . In order to simplify the presentation of the data set, the majority of the subsequent figures will present data only for a 4°centrally placed stimulus. The effect of stimulus size shown in Fig. 3 is completely consistent across the remaining conditions. Data for the 20°and 20-8°annu-lar conditions are available from the author.
Experiment 4: The effect of temporal frequency
Several studies have suggested that the temporal frequency of the drift may affect the interaction between test and mask and also may directly influence the underlying mechanisms processing the stimulus motion (Gegenfurtner & Hawken, 1995; Hawken, Gegenfurtner, & Tang, 1994; Metha & Mullen, 1996) although, unsurprisingly, this result is not consistent across all studies (Lu et al., 1999) . However, if different mechanisms mediate chromatic motion detection at high and low temporal frequencies (Hawken et al., 1994) then one might expect different interactions at different frequencies for different combinations of test and masking stimuli.
There are several issues that must be considered when varying temporal frequency as an independent variable. First, contrast sensitivity varies with temporal frequency, and does so differently for chromatic and luminance stimuli (Kelly, 1977; Mullen, 1985) . Detection threshold must, therefore, be measured for each temporal drift rate and then used to scale the stimulus contrast. Second, motion structure and temporal frequency are not independent of one another: a single 1/4 cycle jump does not allow for any variation in temporal frequency and, in the five-frame motion paradigm, the temporal frequency and duration of the stimulus presentation are confounded if only one cycle of motion is displayed. Thus, only the continuous motion paradigm can be used to study independently the effect of temporal drift frequency. In each of the subsequent figures below, the contrast is scaled to the appropriate contrast for the given temporal drift frequency. The effect of stimulus size shown for Experiment 3 was consistent across temporal frequency, and so only data for a 4°central stimulus is shown for the majority of conditions. Fig. 4A presents data for the observer DA in a similar way to Fig. 3; supplementary Fig. s2a presents similar data for observer TB. The plots are grouped according to the test and mask combinations, with each panel showing three or four different temporal drift frequencies. Data for both observers show similar trends that vary slightly, but importantly, between test and mask combinations. The same test and mask conditions (Lum:Lum and L À M:L À M) both show a strong, contrast dependence effect of the mask phase, which is reduced with increasing temporal frequency. However, the effect of the mask in the Lum:Lum condition is again removed at low temporal frequencies, at a lower test contrast than in the L À M:L À M condition (see Experiment 3), and as mentioned previously, this probably explains at least some of the discrepancies in the findings between Cropper and Derrington (1996) and Zemany et al. (1998) on the one hand, and Lu et al. (1999) on the other. The cross masking (L À M:lum) condition shows very little effect of the mask at any temporal frequency for either observer for this small central configuration. The lower left panel on each figure plots the cross masking data for the annulus configuration. The strong effect of stimulus size and placement (Cropper, 2005 ) is maintained and, as expected, shows a reduction with an increase in temporal frequency, concomitant with the reduced masking effect.
Continuous motion
Five-frame motion
If the motion structure is limited to a single-cycle displacement, split into five frames with a jump of onequarter of a cycle between frames (Lu et al., 1999; Lu Sperling, 1995 Sperling, , 2001 , then the temporal drift frequency must be varied by changing the delay between successive jumps. This manipulation, however, reduces the total duration of the stimulus, a property that has been shown to be critical to the perception of chromatic motion (Cropper & Derrington, 1994 . Fig. 4B (and supplementary Fig. s2b ) plot data for the two observers for a five-frame motion sequence of different temporal frequencies. The total duration of the stimulus at each frequency is indicated on the figure. Although the pattern of the data is similar to the continuous motion sequence, the reduction in duration with the increase in temporal frequency clearly has a strong effect on the ability to discriminate motion in the stimulus such that at 8 Hz, the phase of the mask has little effect but performance is poor overall. There is a suggestion of a difference in effect between the Lum:Lum combination and the L À M:L À M combination which is consistent with previous findings using these particular stimuli (Lu et al., 1999; Lu & Sperling, 1995 , 2001 ). However, the difference remains strongly contrast dependent. Data for the 20°-8°annular configuration is shown in the lower right hand panel for Observer DA (Fig. 4B) . Performance is poor for all conditions except the 4 Hz drift rate, where a strong masking effect is seen, consistent with the size effect already highlighted above. In summary, the data from Experiment 4 show a difference between low and high temporal frequencies that is partially consistent with the suggestion that the underlying mechanism of motion may change with temporal frequency (Boulton, 1987; Gegenfurtner & Hawken, 1995; Hawken et al., 1994) but the effect of the change is gradual (Metha & Mullen, 1998) .
Experiment 5: The effect of mask phase
The data presented thus far are for stimuli for which the starting phase of test and mask were fixed in either positive or negative sine (0°or 180°, respectively) phase. As outlined in the methods section, the two approaches to the analysis of this particular stimulus structure use different theoretical principals to predict the interaction of test and mask. The account given by Lu and colleagues does not require that relative stimulus component phase be controlled and they randomise the phase of test and mask (pedestal in their terminology) on each presentation. Thus, any reduction in performance in the presence of the mask indicates an interaction between the two, which, in their description, means that the motion energy in the stimulus is not available to the system (Lu et al., 1999; Lu & Sperling, 2001) .
Data for a randomised test-to-mask phase are shown in Fig. 5 (and supplementary Fig. s3 ) for the two observers. The continuous motion structure was presented at three drift rates (1, 2 and 4 Hz), the five-frame sequence was presented at 1 Hz, and the 1/4 cycle displacement was a single jump for the reasons outlined in Experiment 4. The results are similar for both observers and largely consistent with those presented thus far. The strongest effect, which is actually quite a powerful reversal, is seen for the same mask and test conditions at a temporal drift rate of 1 Hz for the continuous motion. Performance for the luminance-modulated test and mask recovers at a test contrast of eight times threshold again, with little recovery seen for the L À M test and mask. Again this difference between luminance and colour offers a possible explanation for the differences seen in the published data discussed previously. As temporal frequency increases, the effect of the mask is greatly reduced and the cross masking (L À M:Lum) condition also shows little effect of the mask in any condition with the possible exception of observer DA at a drift rate of 2 Hz. There is, however, no reversal. The two slightly inconsistent aspects of this data set are, first, the complete lack of any effect of the mask for the 1/4 cycle displacement for either observer and, secondly, the reversal of perceived motion for some conditions (rather than a reduction only to chance performance). It is not clear why the 1/4 cycle displacement is so immune to the mask in this particular configuration, but the reversal may be explained by the concomitant change in contrast with the displacement. Whilst not a contrast reversal per se, the abrupt contrast reduction may induce an effect similar to reverse-Phi motion (Anstis & Rogers, 1975; Morgan & Ingle, 1994) and therefore induce a reversal even in those conditions where the actual (effective) displacement is simply reduced.
Experiment 6: Remaining issues
While the results of Experiments 1-5 above go some way to explaining the reasons for the differences seen in the published data for some very similar stimulus combinations, there still remains two outstanding questions concerning the test and mask combination used in this, and other studies. First, why have such different conclusions been reached by the researchers in opposing theoretical camps? Is there some other aspect of the stimulus structure which has produced such different results, apart from the difference in contrast dependence seen in the data above? Second, what is the nature of the interaction between test and mask? Does the underlying motion mechanism rely on some specific relationship between the stimuli, as suggested by Lu and colleagues, or is the interaction a simple one, akin to that in a standard simultaneous masking paradigm (Breitmeyer, 1984) ?
Spatiotemporal stimulus structure
The five-frame motion stimulus used by Lu and colleagues (Lu et al., 1999; Lu & Sperling, 2001 ) not only co-varied duration and temporal frequency, because it only showed one cycle of motion, but it also presented the stimulus in a rectangular temporal envelope. This form of presentation introduces additional (non-directional) temporal frequencies into the stimulus, which may have had an effect upon observersÕ ability to discriminate motion in the compound stimulus and, furthermore, this effect may well be different for chromatic and luminance modulation. This question is more thoroughly investigated by Zemany and colleagues (1998) but it is relevant to show similar data in the context of the stimuli used here. Fig. 6A plots data for observer TB that compare unmasked and masked stimuli when the test and mask are of the same type. The two masked conditions were either presented in a raised cosine temporal envelope (central panels) or in a rectangular temporal envelope of the same total duration (which doubles the total contrast energy of a raised cosine). The stimuli are presented with a randomised test-to-mask relative phase in a single-cycle, five-frame motion structure. The duration of presentation for each temporal drift frequency is again shown in the figure.
The results are consistent with the data presented thus far, but there is some evidence for a clearer difference between the chromatic and luminance masking conditions. Given the similarity of these particular stimuli to those used by Lu and colleagues, this may explain the differences in the findings outlined above. The rectangular envelope reduces the dependency of temporal drift frequency effect on the contrast of the mask for the luminance pair, but has little effect on the chromatic pair except at 1 Hz, which is also the longest stimulus duration. Again, if only a threshold estimate of direction discrimination was measured (say, at 75% correct), rather than the full psychometric function for contrast and temporal frequency, it is quite possible that one would conclude that only a chromatic stimulus combination was affected by the addition of a static grating mask (Lu et al., 1999; Lu & Sperling, 2001 ).
The nature of the masking effect
If the measurable effect of a grating mask on perceived motion is a specific property of a higher-level motion mechanism that is sensitive to identifiable features in the image (Lu et al., 1999; Lu & Sperling, 2001) , then, according to some theories, there should be no effect of an additional noise mask upon the effect since it is thought the noise acts specifically on motion mechanisms sensitive to first-order spatial structure and not features (Baker et al., 1998; Boulton & Baker, 1993; Yoshizawa et al., 2000) . Although the assumptions underlying this prediction have been questioned (Cropper, 2005) , it is worth testing experimentally. This is achieved by examining the effect of a noise mask on the combination of the static grating mask and the displaced grating test stimulus.
The stimuli in the final experiment were the same test and mask combinations that were used in the previous experiments, presented with fixed relative phases in a raised-cosine temporal envelope. The motion structure was a single 1/4 cycle jump. In addition, a one-dimensional dynamic 1/f luminance noise mask was superimposed on the whole stimulus for the duration of its presentation. The contrast of the mask was scaled to its own detection threshold and presented in multiples of that threshold (indicated in the figure) . In one condition (Ôs-uÕ in the figure) the mask was only updated between the same two frames that the stimulus was displaced to optimise the mask effect (Cropper, 2005) .
The upper panel of Fig. 6B shows data for a luminance grating test and mask in the presence of a luminance noise mask (with the exception of the ÔunmaskedÕ condition in which the noise mask was omitted) for one observer (SP). There is a very strong effect of the static grating mask in the condition with no added noise, as shown by the strong phase-dependent reversal in perceived motion. As the contrast of the noise mask increases, there is a moderate effect on performance with a suggestion that the reversed motion is more affected. However, when the mask is updated only when the stimulus jumps, performance in both phase conditions falls abruptly to chance.
The lower panel shows data for an L À M test and grating mask, in the presence of a luminance noise mask (single-update, 40 times threshold). While a strong reversal is seen in the chromatic grating motion, there is no effect of adding in a luminance noise mask. This further supports the independence of a chromatic motion mechanism that, although unaffected by a luminance noise mask, behaves in exactly the same way as a luminance mechanism for otherwise equivalent stimuli. Fig. 6C shows data for two observers (SP and SL) for an L À M displaced grating with a static luminance grating-mask and, in the conditions, indicative of a luminance noise mask updated at the same point that the L À M grating is displaced. The upper panels show data for the 4°central disk; the lower panels show data for a 4°central disk with the central 1°removed. There is no effect of the added grating mask, as seen in previous experiments. The further addition of the noise mask has the surprising effect of improving performance, albeit weakly given the obvious ceiling effect. There is no difference in the data between the two spatial configurations, which suggests that the ability to perceive the chromatic motion is not due to tracking of foveal features, such as a particular coloured bar, relative to the fixation spot (Baker et al., 1998) .
Discussion
The aim of this paper was to provide further evidence for the existence of a motion mechanism that is sensitive to purely chromatic modulation, and is unaffected by the addition of a luminance mask. However, in order to examine the properties of such a mechanism and to place the data in the context of recent work on the issue, a parametric examination of the grating masking (or pedestal) paradigm was necessary. Several studies have recently examined the interaction between two gratings, one moving and the other static (Cropper, 1992; Cropper & Derrington, 1996; Lu et al., 1999; Lu & Sperling, 1995 , 2001 Zaidi & DeBonet, 2000; Zemany et al., 1998) . Despite some attempt to explain the differences in the results of these studies (Lu & Sperling, 2001) , no adequate reconciliation has been reached. This leaves both the questions addressed by each study, and the paradigm itself, unstable and inconclusive. The major problem with this, as I see it, is that the links made between the various underlying theories and the empirical results are inadequate. While this is principally an empirical paper, the effects of the static grating masks on a displaced test grating are best explained by the theory most thoroughly dissected by Zemany and colleagues (1998) and presented in the original publication by myself (Cropper & Derrington, 1996) . These explanations are most at home in the context of classical simultaneous masking (Breitmeyer, 1984) and it is clear that the data presented in this paper strongly supports this choice of theoretical framework.
The goal of the current study was to show that the data supporting the existence of a purely chromatic motion mechanism could not be dismissed as the product of either a luminance artefact (internally or externally generated) or of some high-level (née long-range) motion interpretation process. The conclusion reached here and in the companion study (Cropper, 2005 ) discount both of these alternatives unequivocally by not only showing data supporting the argument for a purely chromatic low-level motion mechanisms, but also replicating contrary data with the same stimulus structure and providing intuitive reasons why such apparent conflicts may exist. This study and the previous one (Cropper, 2005) both have shown how only a small foveal stimulus will reveal a chromatic motion input. This makes a great deal of sense anatomically and theoretically. Furthermore, the dynamic noise mask that has been used quite liberally in the literature appears to be a very general temporal mask, and therefore its action is less an indicator of the action of a motion mechanism than it is an indicator of the requirement for a clean internal temporal representation of the stimulus (Cropper, 2005) . The grating mask used here appears to be far more specific in its action, whatever the theoretical framework adopted, and consequently provides much cleaner data.
To a significant extent, the data in this paper account for the discrepancies found in the previous studies without recourse to the untested assumptions embodied in much of the theoretical framework on which these studies were based. The motion of both chromatic and luminance gratings show a very strong and predictable phase dependence between test and mask, as shown by Zemany et al. (1998) and Cropper and Derrington (1996) , and partially shown by Zaidi and DeBonet (2000) , but not by Lu and colleagues (Lu et al., 1999; Lu & Sperling, 1995 , 2001 ). This effect persists regardless of the motion structure, although some moderate differences are seen between continuous motion and five-frame motion, which somewhat weakens the purely theoretical argument presented by Lu and colleagues (2001) to explain away the data of Zemany et al. There are some differences between luminance and chromatic compound stimuli which, when the confounding variables of temporal drift frequency and duration in the five-frame structure are considered, may well explain the data of Lu and colleagues (Lu et al., 1999; Lu & Sperling, 1995 , 2001 ). The rectangular temporal envelope is an additional factor worthy of consideration, as thoroughly shown by Zemany et al. (1998) . The data presented here show that it is also critical that the whole psychometric function is examined rather than a single threshold point on that function.
Most importantly, there was no effect of a luminance grating-mask on a chromatic grating test when the stimulus was small and central. This clearly supports earlier data and conclusions (Cropper, 2005; Cropper & Derrington, 1996; Zaidi & DeBonet, 2000) . Furthermore, given the pedestal theory is reliant upon a very particular property of a perfect Reichardt-type detector (Lu et al., 1999; Lu & Sperling, 1995 , 2001 , it is therefore limited in its scope to a hypothetical system made up of such detectors. So from both an empirical and theoretical standpoint, this lack of an interaction between a luminance mask and colour test in contrast to the interaction between similar tests and masks strongly supports the existence of a purely chromatic low-level motion mechanism. Nonetheless, the pedestal theory clearly holds some water in that it predicts some of the collected data, albeit under very particular stimulus conditions, and it cannot be simply discounted for the same reasons it cannot be blindly followed (Lu et al., 1999; Lu & Sperling, 1995 , 2001 . Overall, this highlights a disparity between the theory and the data that is a recurrent problem when trying to deduce the underlying mechanism for a behavioural response. The process of trying to marry the two, the theoretical and the empirical, is at the root of sensory neuroscience and ultimately the relationship between the two becomes asymptotic.
The final experiment combined both the noise and grating masks in an approach couched in the theory that the dynamic luminance noise will only affect a low-level motion mechanism (Baker et al., 1998; Yoshizawa et al., 2000; Yoshizawa et al., 2003) . If the effect of the grating mask were based on detection of the ÔfeaturesÕ of the compound stimulus, or more accurately its contrast envelope, then the noise should have no impact on the interaction between grating test and mask. This is clearly not the case. This result supports the suggestion that the noise-test interaction is a product of more general disturbance in the internal representation of the temporal properties of the stimulus (Cropper, 2005) . From an empirical perspective, whether using micropatterns or amplitude-modulated gratings (Baker et al., 1998; Cropper, 2005; Yoshizawa et al., 2000) , luminance noise barely affects the percept of motion in a contrast envelope (a strong stimulus feature) and yet completely disrupts a pedestal effect.
Parity with previous work: Grating versus noise masks
The use of a single grating as a masking pattern rather than a broadband noise mask overcomes two problems associated with noise masks. First, the potential effect of high spatial frequency components in the noise stimulating L À M opponent mechanisms in a non-specific fashion (and so not dealing with the common motion-mechanism issue at all) is removed because there are no high spatial frequency components present, whether scaled to the contrast sensitivity function or not (Cropper, 2005) . Specifically, if one examines the sensitivity profile of a model L À M opponent receptive field to chromatic (L À M) and luminance (L + M) modulation, one finds the receptive field is sensitive to both kinds of modulation, and can be characterised by the profile of the spatial frequency response to each (Derrington, 1992; Lennie & DÕZmura, 1988; Schiller & Colby, 1983) . Therefore a luminance noise mask, which contains high spatial frequencies, would be expected to stimulate the same mechanisms as a low spatial frequency L À M grating. Even though this combined stimulation by test and mask may not affect detection performance (Baker et al., 1998; Mullen et al., 2003; Yoshizawa et al., 2000; Yoshizawa et al., 2003) , it is important to remember that the detection task demands less of a system to generate a ''correct'' response than a direction discrimination judgement. Therefore, care must be taken in concluding that a common motion extraction process operates for a test and mask when an interaction is observed in a motion detection task. It is possible that making the task more demanding will reveal an interaction because of the task requirements rather than the utility of a common mechanism (Cropper, 2005) .
Second, as outlined in the introduction and exploited in previous work, the use of a grating allows specific predictions to be made about the resultant direction of motion of the pattern dependent on whether the system combines the test and mask prior to extracting the motion signal, or not (Cropper & Derrington, 1996; Lu et al., 1999; Zaidi & DeBonet, 2000; Zemany et al., 1998) . Each of the predictions made in these cited studies have been supported by the data contained in this paper. Furthermore, the data have shown that the precise stimulus structure is critical in deciding which predictions will be upheld. That the stimulus size and location is so important is an intuitive and satisfying conclusion.
Conclusions
The work presented here, and elsewhere (Cropper, 2005) , has isolated a motion mechanism that is sensitive to a purely chromatic stimulus and which is independent of any luminance masking effect. This isolation, however, was possible only under optimal stimulus conditions. Most importantly, the stimulus must be located in the central 4°of the visual field. Outside this area the influence of the purely chromatically-sensitive motion mechanism is quickly diluted by the signals from other, less specific, mechanisms that, although sensitive to chromatic motion, seem also to be sensitive to luminance and luminance-contrast modulation. Critically for this paper, the properties of the purely chromatically sensitive mechanism indicate that it operates very similarly to a luminance sensitive mechanism and independently of any higher-level feature-based extraction of the motion signal.
